Abstract The association between DNA methylation status and embryogenic competency in oil palm tissue culture was examined through Representational Difference Analysis (RDA) approach, using methylation-sensitive restriction endonucleases. "Difference Products" (DPs) of RDA derived from palms of similar genetic backgrounds but exhibiting different embryogenesis rates during the regeneration process were isolated. The DPs were sequenced using a pyrosequencing platform. To our knowledge, this is the first study profiling partial HpaII methylation sites in oil palm young leaf tissues which are potentially associated with embryogenic amenability through a genomic subtractive approach. Quantitative real-time PCR analysis demonstrated that the methylation status of a novel fragment, EgNB3, was higher in highly embryogenic leaf explants compared to low embryogenesis rate materials. These differences are likely to be contributed by the 5′-m CCGG-3′ and/or 5′-m C m CGG-3′ methylation patterns. Our data suggest that the differentially methylated site in EgNB3 has potential as a molecular biomarker for the screening of oil palm leaf explants for their embryogenic potentials.
Introduction
African oil palm (Elaeis guineensis Jacq) is a tropical perennial monoecious crop belonging to the Arecaceae family. Being the highest oil-bearing crop with approximately three to eight times greater oil yield than other crops, oil palm has emerged to be one of the world's most important oil crops. Generally, oil palms are heterozygous and have only a single aerial vegetative meristem, therefore genetically uniform oil palm cannot be mass propagated using conventional vegetative propagation techniques. Oil palm breeding is limited by the long generation interval of the species and a long phenotypic selection cycle (up to 19 years; including phenotypic evaluation, through standard test cross approaches for oil Communicated by J. Dean Electronic supplementary material The online version of this article (doi:10.1007/s11295-013-0625-9) contains supplementary material, which is available to authorized users. palm) as well as the cost of evaluating and maintaining large areas of oil palm in breeding programmes (Rance et al. 2001; Wong and Bernado 2008) . Consequently, tissue culture via somatic embryogenesis offers an attractive alternative for mass propagation of elite oil palm genotypes. Despite this, several drawbacks in the tissue culture technique have hindered it from wider commercial application. Firstly, tissue culture sometimes accentuates the expression of defects in adult oil palms (Mutert and Fairhurst 1999) . Secondly, production from embryogenic calli is inefficient in terms of embryogenesis and regeneration. Corley and Tinker (2003) reported that from an average of the 19 % of callogenesis events obtained from explants, only 4 % of callus cultures managed to give rise to embryoids upon transfer. Such low success rates of in vitro plantlet formation from tissue culture incur high costs due to time, labour and material wastage. Therefore, this study attempted to discover DNA biomarkers capable of selecting quality explant materials in terms of embryogenic competency at an early stage in order to minimise the costs of the current practice. Fehér (2008) deduced that the somatic embryogenesis amenability of particular genotypes, explants or cells is genetically determined and only responsive under favourable physiological conditions. A recent review from Sugimoto et al. (2011) emphasised the finding that callus induced by plant hormones shares similarities in terms of gene expression and multicellular organisation with root tissues, regardless of the origin of the explants (Atta et al. 2009; Sugimoto et al. 2010) . Parallel results were found in mammalian embryogenic stem cells and induced pluripotent stem cells, whereby both have the characteristics of epithelia cells, suggesting a mesenchymal-to-epithelial transition period during reprogramming (Plath and Lowry 2011) . This is in contrast to the historical concept of dedifferentiation, which has been believed to occur at plant callus and animal blastema stages. A single-molecule bisulphite sequencing study has revealed that though the chromosomal methylation patterns were similar between human fibroblast lines and pluripotent stem cell lines, a total of 288 differentially methylated regions associated with reprogramming were found (Deng et al. 2009 ). Furthermore, with the observations that both embryogenic and non-embryogenic calli of grapevine and oil palm can be obtained from the same piece of explant and the finding that the explant sampling position of the oil palm leaflet has a significant effect on callusing rate (Marsoni et al. 2008; Ong-Abdullah and Ooi 2006; Rohani 2001) , we postulated that the variation in embryogenesis capability of oil palm young leaves could be caused by differences in DNA methylation.
To facilitate the isolation of any methylation differences present, this study adopted methylation-sensitive representational difference analysis (RDA) approach which utilises the methylation-sensitive restriction endonuclease HpaII to recognise the 5′-CCGG-3′ 4-bp motif. Since cleavage of this motif is blocked by the methylation of external and/or internal cytosines, the differences in methylation between high-and low-embryogenic potential materials could lead to the differential cleavage of the same loci in the contrasting lines and these fragment differences could be isolated (McClelland et al. 1994) . Conventionally, the difference products (DPs) from RDA are cloned and sequenced by the Sanger method which involves time-consuming and laborious cloning and transformation, followed by propagation of individual clones before plasmid extraction. In this study, the replacement of Sanger sequencing method with pyrosequencing not only offers advantages in eliminating the lengthy transformation procedure and potentially capturing sequences which are not clonable but also is capable of generating larger numbers of sequences including those present in low abundance, giving a more comprehensive representation of differences between the two samples examined. The disadvantage of shorter sequences generated by Roche 454 pyrosequencing, compared to Sanger sequencing is partly mitigated by RDA products generally being short (200-500 bp). In short, the combination of these two approaches (RDA-pyrosequencing) together with our analyses has increased the capacity and sensitivity for discovering potential biomarkers in a wide range of studies. Following that, the search for potential markers was focused on the common fragments which were isolated from different RDA libraries, but with the same orientation (e.g. highly embryogenic vs poorly embryogenic). The methylation level of one of the putative biomarkers, EgNB3, was then assessed by real-time PCR. A collection of explants with known micropropagation performance were analysed, and this has enabled us to propose criterion values of EgNB3 methylation level. This approach is a promising means to differentiate the embryonic potential of oil plant explants.
Materials and methods

Plant materials for RDA
A total of eight young leaf explants (from different tenera orterts) were collected from three tissue culture laboratories (FELDA Agricultural Services Sdn. Bhd., Advanced Agriecological Research Sdn. Bhd. and Malaysian Palm Oil Board) and categorised into two groups based on their embryogenic capability, the "high" and "low" groups. Because of the different in-house tissue culture protocols and different classification used to identify "high" and "low" embryogenic potential materials by tissue culturists, we used the extreme "high" and "low" materials based on the overall tissue culture performance of the palms from individual laboratory records. The observed micropropagation performance of each palm is displayed in Table 1 , with the difference between "high" and "low" embryogenic competency ranging from 5.8 to 30.9-fold. The fold difference was calculated based on the number of embryoid lines derived from the observed callus lines for materials classified as "high" in comparison to "low". Generally, the ortets in the "high" group produced more than 20 embryoid lines, whilst the "low" group comprised of ortets that produced less than five embryoid lines per ortet. The individual ortets subjected to RDA were pre-selected to have contrasting embryogenic competency, but pairings were made with materials from the same tissue culture laboratory with the similar genotypic background in order to minimise genetic difference where possible. The pair of AM13/AM14 is siblings from the same cross as are the pairs of M933/M1037 and M974/M1374. A schematic flow of the experimental design in this study is illustrated in Fig. 1 .
DNA extraction
DNA was extracted using the modified Doyle and Doyle (1990) CTAB method. Samples were ground in liquid nitrogen before approximately 3 g of leaf powder was transferred into 15 ml of CTAB buffer (2 %w/v CTAB, 20 mM EDTA pH 8, 1.4 M NaCl, 100 mM Tris-Cl pH 8), with other components (2 % w/v polyvinylpyrrolidone-40, 5 mM ascorbic acid, 4 mM DIECA, 60 μl of β-mercaptoethanol and 70 μg of RNase A) added fresh before use. The mixture was incubated at 60°C for 30 min before mixing with an equal volume of 24:1 chloroform:isoamyl alcohol solution. After 15 min of 13,000×g centrifugation, the DNA was precipitated with a 0.6 volume of cold isopropanol at −20°C for 1 h. The pellet was washed with a solution containing 76 % v/v ethanol/10 mM ammonium acetate followed by dissolving the pellet in Tris-EDTA (TE) buffer (10 mM Tris-Cl pH 8, 1 mM EDTA pH 8). Another round of purification was conducted by mixing the solution with 0.5 volume of 7.5 M ammonium acetate and followed by incubation on ice for 20 min, before 15 min of 4°C centrifugation at 14, 000×g. Next, the supernatant was transferred to a new tube where 2.5 volume of ethanol was added. After 1 h incubation at −20°C, the pellet was centrifuged, washed and finally dissolved in TE buffer. The quality and quantity of extracted DNA were assessed by absorbance reading and gel electrophoresis.
RDA
A total of 10 RDAs were performed (high vs low group and vice versa), with the tester and driver materials paired up, as shown in Table 2 . Two bulked samples were included, which consisted of the genomic DNA from the explants of the same group in equimolar concentrations.
RDA was conducted according to the procedures described by Frohme and Hoheisel (2006) with minor modification in buffer compositions. Each 100-μl PCR reaction was comprised of 1X ThermoPol Reaction Buffer [20 mM Tris-HCl (pH 8.8), 10 mM (NH 4 ) 2 SO 4 , 10 mM KCl, 2 mM MgSO 4 , 0.1 % Triton X-100], 0.4 mM dNTPs, 33.2 μg/ml BSA and 2.5 U Taq polymerase (NEB). The oligonucleotides used in the RDA experiments were as follows: RHpa11, 5′ CGG TCG GTG AG 3′; RHpa24, 5′ AGC ACT CTC CAG CCT CTC ACC GAC 3′; JHpa11, 5′ CGG TTT CAT GG 3′; JHpa24, 5′ ACC GAC GTC GAC TAT CCA TGA AAC 3′; NHpa11, 5′ CGG TCC CTC GG 3′; NHpa24, 5′ AGG CAA CTG TGC TAT CCG AGG GAC 3′. Reciprocal RDA was carried out concurrently. After the first round of hybridisation with the 1:40 ratio of tester and driver ratio, the tester:driver ratio was increased to 1:2,000 in the second round hybridisation.
Tagging of the Difference Products (DPs)
Each pool of RDA DPs was tagged with different oligonucleotides (Table 1 of supplementary file). To generate the tagged and blunt-ended products, two rounds of PCR amplification were employed. Firstly, the DPs were subjected to 15 cycles of amplification, similar to the RDA amplification, except that the primers were replaced with the tag oligonucleotides. These adaptors were designed in such a way that each had only a single nucleotide difference to the standard RDA adaptor. The PCR conditions were set as 1 min at 95°C, followed by 15 cycles of 94°C for 30 s, 70°C for 30 s and 72°C for 3 min, with a 72°C final , 2 mM MgCl 2 ], 0.4 μM primers and 1U of Pfu polymerase. The PCR conditions were programmed as a 2-min initial denaturation at 95°C, followed by 40 cycles of 94°C for 30 s and 72°C for 1 min, with final extension at 72°C for 5 min.
Sequencing of the difference products
The tagged RDA libraries were pooled and sent to a 454 pyrosequencing service provider, Eurofins MWG Operon (Germany). All tagged RDA reactions were pooled at approximately equimolar amounts and the pool sent for ¼ plate run with Titanium reagents as described by Margulies et al. (2005) . Sequences generated were sorted according to the oligo-label, before the tags were trimmed off and de novo assembly performed at an identity threshold of 95 % by the service provider using the MIRA v3.2 software. Then all contigs from different pools of RDA DPs were compared using the BioEdit software version 7.0.9.0 (Hall 1999) . The comparison with the sequence databases was performed using tBLASTx accessible through the NCBI website (http:// www.ncbi.nlm.nih.gov/BLAST/) with a probability score of below 1e
-5 considered to be potentially significant.
Plant materials for qPCR
A total of 21 young leaf explants from different tenera ortets were collected (12 from Advanced Agriecological Research Sdn. Bhd.'s laboratory and nine from the Malaysian Palm Oil Board's laboratory). Ten of these samples had been previously allocated to the "high" embryogenic potential group and 11 to the "low" group, based on previous screening of the same ortet sample in tissue culture procedures.
Real-time PCR
Genomic DNA templates were prepared as described with modifications (Bruce et al. 2008) . Briefly, the genomic DNA The types of DP were classified as "+" when the line used as tester of the RDA was classified as having high level of embryogenic potential, whereas "−" indicated that the line used as tester had low level of embryogenesis was mixed together with NEBuffer 1 before it was aliquoted into three tubes. Each digestion reaction was in a final volume of 30 μl and consisted of 500 ng DNA with one tube having 10 U HpaII (NEB) added, whereas another one had 10 U MspI (NEB) and a third had a blank reaction where the enzyme was substituted by 50 % glycerol. The reactions were incubated at 37°C overnight and heat-inactivated by a 20-min incubation at 80°C. Primers were designed such that the CCGG site of interest was within the amplicon sequence. The sequences of t h e p r i m e r s f o r E g N B 3 f r a g m en t w e r e : N B F, GACACTAGATCAGTGGTCTCACGA; and NB R, AGGGACCGGACCATCGATCA, with an expected amplicon size of 137 bp. The PCR products were confirmed with sequence analysis. The amplifications of digested and the corresponding undigested DNA were performed in a 15-μl reaction consisting of 20 ng template, 1X FastStart Universal SYBR Green Master Mix (Roche) and 300 nM of each primer with the following programme: 10 min at 95°C, followed by 40 cycles of 15 s at 95°C, 20 s at 61°C, 20 s at 72°C. The specificity of amplicons was checked by the melt curve analysis; 15 s of 95°C, then 60°C for 15 s, followed by gradual increment to 95°C in 20 min with a last step of 15 s at 95°C. The minimum of biological and technical duplicates were performed for each reaction.
Calculation and analysis
The relative degree of methylation percentage at the site of interest was calculated by 2 -Cq digested /2 -Cq undigested ×100. The SD of the methylation percentage was calculated as described (Bookout and Mangelsdorf 2003) . D'Agostino-Pearson test was used to check if the data followed a normal distribution. The Youden index which defined the optimal threshold values to distinguish two groups of samples was determined by the receiver operating characteristic (ROC) curves. The analysis was conducted using MedCalc Software Version 11.5.
Results
Putative biomarkers associated with embryogenic competency in oil palm
The RDA DP libraries were classified into two groups; "+" and "−", depending on the tester materials, as summarised in Table 2 . A total of 16,335 sequences were derived from these libraries with 265 assembled contigs. Of these, only four sequences were identified as having differential methylation sites potentially associated with embryogenic competency. Genetics & Genomes (2013 ) 9:1099 -1107 These are listed in Table 3 . The selection was based on several criteria: (1) the sequences were found in a minimum of two RDA DP pools; (2) the sequences were found in both types of DPs ("+" and "−"), as illustrated in Fig. 2 .
EgNC11 was found to share similarity (72 % identity) with an auxin-related protein, the extracellular subtilisin-like serine endopeptidase which is also known as Auxin-induced in Root Cultures 3 from Arabidopsis thaliana.
Relative methylation level of EgNB3 fragment
The methylation level of the CCGG site (highlighted in Table 3 ) in EgNB3 was assessed by the differential methylation sensitivity of two isoschizomers, HpaII and MspI. The dot plot shows that the explant materials with high embryogenic competency had comparatively higher methylation rates than the low competency group (Fig. 3) . Consequently, the ROC curves constructed suggest that samples with EgNB3 methylation rate higher than 66.4 % (HpaII-assessed) or 60.1 % (MspI-assessed) are the materials with good embryogenic potential (Figs. 4 and  5) .
A subtraction of MspI-digested methylation values from the HpaII-obtained methylation values did not reveal a consistent difference pattern, suggesting that most likely the methylation of a . RDA Difference Products (DPs) b .
Alignment of EgNB3 fragment from:
14t RDA CCGG CCGG 1037t RDA CGG C "+" type "-" type Fig. 2 Analysis of DP sequences. a The types of DPs generated were grouped into "+" or "−" based on whether the RDA tester had "high" or "low" embryogenic potential, respectively. Thick arrow indicates common sequences found in both types of DPs, where the differences between +/− sequences suggest differentially methylated sites. For example, b EgNB3 fragment was found in two types of DP libraries, 14 t and 1037 t RDA. The 14 t RDA was a "+" type, whereas 1037 t RDA was a "−" type. The alignment of EgNB3 sequence derived from both DP libraries suggests putative differential methylation at the CCGG sites CGG-3′, which are not distinguishable by these two enzymes (Fig. 6 ).
Discussion
The remarkable developmental plasticity of plant cells has led to efforts in identifying key genes related to embryogenesis, such as transcription factors LEAFY COTYLEDON 1 and LEAFY COTYLEDON 2, SOMATIC EMBRYOGENESIS RECEPTOR KINASE and MADS-box transcription factor BABY BOOM (Boutilier et al. 2002; Lotan et al. 1998; Schmidt et al. 1997; Stone et al. 2008) . However, to bring improvement to practical application of tissue culture, focus has been diverted to the identification of markers for the potential of the explants to undergo somatic embryogenesis. Generally, induction of somatic embryogenesis involves a dramatic change in cellular components due to the reorganisation of cellular metabolism and the resetting of developmental switches (Costa and Shaw 2007; Yamamoto et al. 2005 ) with Fehér (2006) suggesting the term "release from suppression" more appropriate than "induction". This is based on studies of the pickle gene in Arabidopsis, which encodes for a chromatin remodelling ATPase and is found to suppress embryogenic traits in somatic cells (Fehér 2006; Henderson et al. 2004; Ogas et al. 1999; Rider et al. 2003; Rider et al. 2004) .
Being a form of epigenetic modification, evidence relating DNA methylation to somatic embryogenesis potential has been accumulating in recent years. A higher methylation rate was found in non-embryogenic callus (16.99 %) compared to embryogenic callus (11.22 %) of Siberian ginseng (Eleuterococcus senticosus) (Chakrabarty et al. 2003) . These calli were of the same genotype and generated from the same culturing conditions. Similar results were also observed between embryogenic vs non-embryogenic cultures from Hevea brasiliensis (Charbit et al. 2004) . A certain level of methylation was necessary as a loss of regeneration capacity in Medicago truncatula was observed after 5-azacytidine (DNA methylation inhibitor) treatment (Santos and Fevereiro 2002) . In the oil palm, hypomethylation was observed in mantled inflorescences and fast-growing calli that gave rise to mantled palms (Jaligot et al. 2000) . However, Jaligot et al. (2011) deduced that individual and genotypic variation in oil palm (with no fully inbred material existing) has contributed to the difficulty in determining a "methylation threshold" for clonal conformity. It might be feasible to use clones themselves to determine the extent of genetic control of somatic embryogenesis, but this obviously risks tautology and only genotypes with reasonable levels of embryogenic cultures would be represented. While most studies focus on global methylation patterns between embryogenic and non-embryogenic materials, this study targets the sitespecific methylation differences of young leaves, which are the most commonly used explant materials in oil palm tissue culture, in an attempt to investigate the possibility of epigenetic perturbations being one of the factors responsible for affecting the embryogenic potential of oil palm. A markerassisted selection tool will be more effective if the prediction can be made at the earliest stage of the in vitro propagation processes, i.e. the explants.
Findings of extensive expression studies from Klimaszewska et al. (2010) and Uddenberg et al. (2011) groups suggest that the genes responsible for the initiation of embryogenic competence are localised to a limited number of cells in the whole explant, thus complicating research to unravel the mechanisms underlying the totipotency gene network with heterogeneous tissues. Thus, it was hoped that a methylation-sensitive RDA approach could be a strategy to enrich the restricted differences between tissues. This study has demonstrated that a combinatorial approach in coupling RDA with NGS technique has made the handling of a large number of potential embryogenesis-related sequences and their identification feasible. This is particularly important in oil palm materials where there is a need to have universal embryogenic competency biomarkers which are independent from the palm lineage. In order to increase the confidence in discovering putative methylation biomarkers, the search was narrowed down to identify the RDA sequences (with differential methylation) which were found in both groups of RDA DP libraries ("+" and "−"), with one RDA tester being the highly embryogenic explant whilst another RDA tester from the poor embryogenesis group (Fig. 2 and Table 3 ). Although there was no homologous sequence found for the EgNB3 fragment, its relative methylation percentage in samples with different embryogenesis status was further assessed using real-time PCR with HpaII-and MspIdigested samples as templates. HpaII and MspI are isoschizomers that recognise the restriction site of 5′-CCGG-3′ and cleave when there is no methylation on either cytosine. HpaII cannot cleave if one or both cytosines are methylated (on both strands) but is able to cleave hemimethylated external C, whereas MspI cleaves C m CGG but not m CCGG sequences (Butkus et al. 1987; Korch and Hagblom 1986; McClelland et al. 1994) . Nevertheless, two methylation patterns, 5′-m CCGG-3′ and 5′-m C m CGG-3′are not distinguishable as these two are resistant to both HpaII and MspI digestion. Thus, the C q values obtained were solely contributed by the methylated templates, as the unmethylated ones were digested. A limitation to this methylation quantification analysis is the small sample size, leading to jagged ROC curves. The graphical representation of the box plots suggests that, comparatively, higher median values were collected in the competent explants, for both types of methylation patterns derived from HpaII-and MspI digestion (Fig. 3) . The ROC curves suggest that the optimal methylation percentages for the discrimination of embryogenic competency are 66.4 % (HpaII-assessed) and 60.1 % (MspI-digested), respectively (Figs. 4 and 5) . Both values are high in sensitivity. From a clinical perspective, sensitivity is the key criteria for screening biomarkers, so that people without disease can be ruled out (Søreide 2009 ). In this case, poor embryogenic potential materials can be excluded from being subjected to micropropagation. Other than that, a biomarker for clinical diagnosis has good discriminative property if the AUC ROC is higher than 0.75 (Ray et al. 2010) . With the values of 0.74 and 0.73 respectively, the EgNB3 methylation levels assessed by HpaII and MspI could be considered as a relatively good biomarker. The subsequent analysis indicated that EgNB3-methylation was probably not contributed solely by a specific cytosine in the CCGG site, but could be contributed by m CCGG and/or m C m CGG that are not distinguishable by these two enzymes. Given that MspI is not completely insensitive to methylation, the examination of the methylation status of internal and external C in the recognition site is limited. Whilst the specificity of the criterion value from MspI-assessed methylation pattern is lower than the HpaII-assessed model, the former offers an option for the rapid screening of materials at the industrial scale, because of the robustness of MspI digestion over HpaII (Kupper et al. 1997) .
To date, only mammalian stem cell studies have a completed regulatory circuitry implicated in the pluripotent state of embryogenic stem cell (Young 2011) . Pasque et al. (2011) summarised DNA methylation as one of the epigenetic barriers that causes resistance to reprogramming. These findings have yet to specifically explain the differential susceptibility which confers embryogenic potential within the same piece of explant or between genotypes. The EgNB3 sequence discovered in this study has supported our hypothesis that site-specific DNA methylation could be linked to the embryogenic competence of oil palms. Moreover, this study sheds light on the differential methylation status in the explants, which is pre-existing and not contributed solely by the stimuli from growth regulators in the micropropagation treatments. While applying the criterion-values of EgNB3 onto an industrial scale of samples is yet to be done, the results of this study suggest that the site-specific methylation in the EgNB3 fragment holds the potential as a biomarker in classifying the embryogenic potential of oil palm young leaves. Although a direct causal link between this fragment and embryogenesis potential seems intuitively unlikely, it is possible that the current marker is sampling the methylation status of a number of loci which reflect overall embryogenesis potential. A further assessment of the methylation status of other putative sequences discovered in this study might reveal their potentials as one of the determinants for the acquisition of embryogenesis capability in oil palm.
